We describe a case of radiation-associated fracture nonunion of the clavicle, which was treated by locking plate fixation and autologous bone grafting. The patient was a 67-year old man who received 70 Gy radiation therapy to treat nasopharyngeal carcinoma. Eight years later, he suffered a pathological fracture of the right clavicle. One year after the fracture, surgical treatment was performed due to persistent pain and weakness. Radiographs demonstrated atrophic nonunion. Bone scan demonstrated hot uptake at both ends of the fractured bone. MRI demonstrated a formation of pseudoarthrosis with fluid collection and suggested bone marrow edema at both ends of the fracture fragments. In surgery, fibrous pseudoarthrosis tissue was excised and both ends of the fracture fragments were refreshed to identify bleeding. Open reduction and internal fixation using a 7-hole locking plate and autologous bone grafting were performed. Successful bony union was obtained 1 year postoperatively, and no adverse events were observed up to 52 months after the operation. Our case suggests that a locking plate provides sufficient fixation and autologous bone grafting is effective in enhancing bone healing in a radiation-associated fracture nonunion of the clavicle in which it is difficult to achieve bony union.
Introduction
Radiation-induced complications in the mature bone include osteoradionecrosis, pathologic fracture, and radiation-induced neoplasms [1] . All types of cells can be injured or killed by radiation [1] , and management of fractures caused by radiation is generally considered to be difficult due to the biologically inactive bone [2] . A high nonunion rate has been reported in the past literature [3, 4] . There are only two reports written in English that describe open reduction and internal fixation using a plate [5, 6] . Locking plate is a new technology, which provides excellent angular stability even in poor-quality bone, such as in osteoporosis patients, and can avoid the deterioration of periosteal circulation [7] . There has been no previous reports detailing the use of locking plate for the treatment of radiationassociated fractures of the clavicle. We report a case of radiation-associated fracture nonunion of the clavicle, which was treated by locking plate fixation and autologous bone grafting.
Case Report
The patient gave the informed consent prior being included into the study. The patient was a 67-year old man who received 70 Gy radiation therapy for the treatment of nasopharyngeal carcinoma. He received 20 Gy radiation therapy to the nasopharynx and 50 Gy to the supraclavicular fossa. He had concomitant hypothyroidism. He suffered osteoradionecrosis and osteomyelitis of the mandible and received hemimandibulectomy 6 years after the radiation therapy. He was also a smoker.
Eight years after the radiation therapy, he suffered pathological fracture of the right clavicle without apparent trauma. The fracture was treated conservatively at an orthopaedic clinic; however, bony union was not obtained. The displacement increased over time, and he was referred to our hospital. One year after the fracture, surgical treatment was performed due to persistent pain and weakness.
Radiographs demonstrated atrophic nonunion with displacement ( Figure 1 ). Bone scan demonstrated hot uptake at both ends of the fractured bone ( Figure 2 ). MRI demonstrated a formation of pseudoarthrosis with fluid collection and suggested bone marrow edema at both ends of the fracture fragments ( Figure 3 ).
In surgery, fibrous pseudoarthrosis tissue was excised and both ends of the fracture fragments were refreshed to identify bleeding. Open reduction and internal fixation using a 7-hole locking plate (Synthes) and autologous bone grafting were performed ( Figure 4 ). Three locking screws were inserted into both fragments to fix the fracture. Cancellous bone harvested from the iliac crest was grafted to enhance bone healing.
Successful bony union was obtained by one year postoperatively ( Figure 5 ). The pain disappeared and the range of motion fully recovered 6 months after the operation. The patient was satisfied with the treatment. No adverse events were observed and the reduction and fixation were maintained up to 52 months postoperatively. No further followup could be done due to the patient's death.
Discussion
Past reports suggest that fractures occur primarily with radiation doses >50 Gy [4, 8] . Our patient received 70 Gy radiation, and fracture occurred without apparent trauma; therefore, the fracture was diagnosed as a radiation-associated pathological fracture. Biopsy for pathology and culture are required for further investigation in these cases. The nonunion rate of radiation-associated fractures is reported as high at around 50%, and healing times tend to be long in fractures that eventually heal [3, 4] . The fracture developed atrophic nonunion radiographically. Difficulties in achieving bony union were predicted by the radiographic appearance. On the other hand, hot uptake at both ends of the fracture fragments was observed by a bone scan, and the finding suggested the existence of some biological bone activity. We hypothesized that the MRI finding of bone marrow edema suggested some biological bone activity even though the finding might be considered to show postirradiation change in the bone. However, because biological activity is considered to decrease as a result of radiation, we tried to achieve bony union by osteosynthesis with autologous bone grafting. If the bone activity was totally eliminated by radiation, vascularized bone graft should be necessary.
Due to the difficulty in obtaining bony union in radiation-associated fracture nonunions of the clavicle, past reports have recommended claviculectomy or resection of the pseudoarthrosis site [9, 10] . These procedures have been reported to be effective for pain relief and patient comfort. internal fixation of radiation-associated clavicle fractures for 3 patients [5] . Two patients obtained bony union, and the remaining patient did not appear to achieve radiographic union but showed no loss of reduction at 28 months postoperatively. Fuchs et al. described the plate fixation and free vascularized corticoperiosteal bone graft for the treatment of radiation-associated fracture nonunion of the clavicle in two patients [6] . The fractures healed with good clinical results.
Wera et al. used autologous bone graft harvested from the iliac crest and demineralized bone matrix for the first patient, bone cement and allograft cancellous bone chips for the second patient, and demineralized bone matrix for the third patient as a void filler and enhancer of bone healing [5] . Fuchs et al. used a free vascularized corticoperiosteal bone graft from the medial femoral condyle to enhance bone healing [6] . We believe some supplementary bone healing enhancement is necessary and used autologous cancellous bone graft harvested from the iliac crest. Other tools enhancing bone healing, for example, bone morphogenetic proteins may also be useful; however, we consider that autologous bone grafting is better as it is osteogenic, osteoinductive, and osteoconductive. Vascularized bone graft is also a good option; however, it is technically challenging. Our treatment result suggests that autologous cancellous bone graft harvested from the iliac crest is sufficient for bony union. If a nonvascularized bone grafting fails, a vascularized bone grafting may become salvage [11] .
Locking plate is a new technology which provides excellent angular stability and also preserves biology [7] . Irradiated bone results in a decrease in the circulation to Case Reports in Medicine bone and bone quality. Therefore, we think fixation using locking plate is superior to conventional plate fixation in both the biological and mechanical aspects. Locking plate fixation is thought to be a good choice for surgical treatment of radiation-associated fracture/nonunion of the clavicle.
Conclusion
Our case suggests that a locking plate provides sufficient fixation and autologous bone grafting is effective in enhancing bone healing in a radiation-associated fracture nonunion of the clavicle in which it is difficult to achieve bony union.
